The promising concept of waveguide photodetection with integrated amplification is evaluated by self-consistent device simulation. Such integrated amplification detectors have the potential to achieve simultaneously high saturation power, high speed, high responsivity, and quantum efficiencies well above one. Our example design vertically combines a bulk photodetector ridge region with laterally confined quantum wells for amplification. The current flow in the three-terminal device exhibits ground current reversal with increasing light power. The net optical gain is evaluated for different waveguide modes. For the dominating mode, the detector responsivity is shown to scale with the device length, reaching quantum efficiencies larger than 100%.
INTRODUCTION
In waveguide photodetectors, photon flux and carrier flux are perpendicular to each other, which enables highdata-rate applications since thin absorption layers allow for short transit times of the generated carriers. The detection efficiency is increased by using long waveguides. Ideally, every photon should generate one electronhole pair giving 100% quantum efficiency. However, only a fraction of the optical signal is usually converted into an electrical signal. To obtain stronger electrical output power, the optical input power may be increased by preamplification. This method is limited by saturation effects, as intense light leads to a large carrier density which changes the behaviour of the detector. A solution to this problem was recently proposed by integrating detector and amplifier.' Our traveling-wave amplification photodetector (TAP detector) simultaneously amplifies and absorbs the incoming light. The schematic cross section a vertically coupled device is shown in Fig. 1 . The top GaAs ridge is the detecting layer, all other semiconductor layers exhibit a larger bandgap. Light amplification is provided by multiple GaAs quantum wells. The amplifier pn diode is operated at forward bias whereas the detector diode is reverse biased. Electrical and optical confinement in the center of the device is provided by the ridge-waveguide structure as well as by lateral oxidation. The continuous amplification of the optical wave makes it possible to maintain a constant optical power along the waveguide despite the absorption. With long devices, much higher output power than in conventional photodetectors can be achieved. Details of the device design are evaluated in the following using advanced two-dimensional (2D) device simulation software. 2 
DEVICE STRUCTURE AND MATERIAL PROPERTIES
The layer structure of the device is listed in Tab. 1. Refractive index data for AlGaAs are obtained from Ref. 3 Oxidation layers exhibit a high Al mole fraction which lowers the refractive index. The vertical index profile is plotted in Fig. 2 together with several vertical waveguide modes. The behavior of these optical modes will be analyzed in the next Section. Lateral mode confinement is provided by the top ridge as well as by the oxide layers. A value of 1.7 is used for the refractive index of aluminum oxide. For the device investigated here, the width of the oxide aperture is equal to the ridge width of 2,am. The A1Gai_As system converts from a direct semiconductor for x < 0.45 to an indirect semiconductor for x > 0.45. Our device contains both types of materials. The hole transport is hardly affected by this transition.
However, most electrons entering the n-doped oxidation layers are transferred from the I' valley into the X side valley of the conduction band. Due to the high Al mole fraction, a negligible number of electrons is still traveling in the F valley. Thus, the lower band edge is used in calculating the carrier transport across heterointerfaces. The common band offset ratio of LE/I.E =60 : 40 is employed at all interfaces. Fig. 3 shows the band diagram at the vertical axis of the device. Due to the grading and doping profile used, the valence band edge of the oxidation layers is almost fiat on the p-doped side and it hardly affects the hole injection into the multi-quantum well (MQW) amplification region. The GaAs detector region is reverse biased. The conduction bands of theactive GaAs layers are assumed parabolic and the non-parabolic valence bands are calculated by the two-band k . j method.4 The free carrier model for stimulated band-to-band transitions is employed to compute both gain and absorption for the amplification layers and the detection layer, respectively. 5 The calculated spectra are plotted in Fig. 4 for different carrier densities. At low carrier density (reverse bias), the bulk GaAs layer exhibits an absorption coefficient of about iO cm1 at 840 nm wavelength which was adjusted to fit experimental data. With forward bias, the carrier density in the QW amplification layers is much higher. At 840 nm wavelength, the gain reaches 6000 cm1 for a carrier density of 8x 1O'8cm3. However, the total amplification layer thickness of 32 nm is much smaller than the absorption layer thickness of 300 nm. Thus, optical waveguide modes are preferred that exhibit little overlap with the detector region.
WAVEGUIDE MODE ANALYSIS
Three main vertical modes of our device are shown in Fig. 2 and mode (c) is given as 2D contour plot in Figure 4. Gain and absorption spectra for quantum well and ridge, respectively. Gain spectra are calculated at four carrier densities: 2, 4, 6, and 8 x 10'8cm3, the absorption is calculated at 10'6cm3. suffers from net absorption. Only the cladding mode (c) exhibits positive gain with sufficient pumping. Its net modal gain spectrum is plotted in Fig. 7 as function of the amplifier current. At the optimum wavelength of 840 nm, mode (c) shows zero net gain for 17 mA amplifier current, which gives constant optical power along the waveguide. The other two modes do not reach zero net gain for any reasonable pumping current.
Many different waveguide modes may be excited by coupling light into the device, e.g., from an optical fiber.
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SUMMARY
The concept of waveguide photodetection with integrated amplification is evaluated by two-dimensional device simulation. A bulk GaAs photodetector region is combined with GaAs quantum wells for amplification. The current flow in the three-terminal device is analyzed. The net optical gain is calculated for different waveguide modes, identifying the preferred mode of operation. For this mode, the detector responsivity is shown to scale with the device length, reaching a quantum efficiency larger than 100%.
